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Introduction
Glasses doped with rare earths (RE) are among the materials of choice in advanced optical and scintillator applications. Although their performances are generally less effective than those reported in single-and polycrystals [1] , their amorphous structure possesses unique benefits. In particular, their synthesis is a costeffective preparation strategy readily implementable in large scale production. Glasses present also the advantage of fine chemical tuning dictated only by batch composition. Finally, they are easily workable and can be prepared in a variety of forms and geometry including optical fibres. In particular, yttriaaluminoborate (YAB) and, more generally, lanthanide oxide-aluminoborate glasses have been proved to be a suitable matrix for RE incorporation and for the realization of optical materials thanks to their chemical durability, high transparency and mechanical strength [2] [3] [4] [5] [6] . Within the compositions available in the glassforming region of the Y 2 O 3 -Al 2 O 3 -B 2 O 3 system [2, 7] , a relevant role as possible interesting optical materials can be found for composition with molar ratios close to that of YAl 3 (BO 3 ) 4 . In YAB crystals this composition leads to the formation of a stable form, isostructural to natural huntite (Mg 3 Ca(CO 3 ) 4 ) crystal [8, 9] , which has been extensively studied for the realization of active material for laser technology [10, 11] , non-linear optics [12] , phosphors [13, 14] , and scintillators [15] . In huntite-like YAB crystals Y 3+ , Al 3+ , and B 3+ ions are surrounded by 6, 6 , and 3 oxygen atoms in trigonal prism, distorted octahedral, and triangles configuration, respectively. YO 6 trigonal prisms are isolated by BO 3 triangles, while AlO 6 octahedra are arranged in twisted columns by vertex-sharing, each (AlO 6 ) n column is linked to the adjacent by BO 3 triangles [16] [17] [18] , as a result, such systems display large minimum distance between RE atoms [18, 19] . However, these crystals melt incongruently and usually they are prepared by flux methods, preventing a simple and effective preparation route for large single crystals [18, 20] . In the case of YAB and lanthanum oxide-aluminoborate glasses, for suitable compositions, it is possible to obtain amorphous materials where the randomly distributed units have common features with the huntite-like structure. In fact, it has been demonstrated that the amorphous matrix is virtually free from Ln-O-Ln. Thus these glasses have the unusual property of ensuring a minimal distance between Ln ions as high as 6.7 Å [21] . As a result, the possibility of detrimental concentration quenching effects drastically diminishes even at concentration of 30x10 20 Ln atoms/cm 3 making these glasses the ideal hosts for RE-activated optical materials [22] .
Here we present a detailed analysis of radio-and photoluminescence properties of YAB glasses with general huntite-like composition -10Y 2 O 3 ·30Al 2 O 3 ·60B 2 O 3 -and with yttrium ions substituted by Ce and Tb ions.
Experimental

Glass preparation
Glasses were prepared using CeO 2 (special purity grade), 
Optical characterization
Photophysical properties of the materials have been investigated by radioluminescence (RL) and timeresolved photoluminescence (PL) techniques. Radioluminescence measurements were carried out at room temperature using two different home-made instruments, both systems have been inter-calibrated by reference samples and all spectra were corrected for spectral responses. In the first apparatus, the detection system comprised a charge coupled device (Jobin Yvon Spectrum One 3000) coupled to a spectrograph operating in the 200-1100 nm range (Jobin Yvon Triax 180). RL excitation was obtained by X-rays irradiation through a Be window, using a Philips 2274 X-ray tube with tungsten target operated at 40 kV and 40 mA. The second apparatus was equipped with a single-grating monochromator and a photon counting detector TBX-04 and excitation was supplied by a molybdenum X-ray tube operating at 40 kV and 15 mA.
PL spectra were collected by means of an Edinburgh FLS980 fluorescence spectrometer with an emission bandpass of 5 nm and operating in Time Correlated Single Photon Counting configuration with pulsed LED source at 250 nm. Photoluminescence excitation (PLE) spectra were measured by a custom-made spectrofluorometer Horiba Jobin Yvon 5000M using a steady state deuterium lamp as light source and using a single-grating monochromator and a photon counting detector TBX-04 as detection system. Decay curves were collected either with the Edinburgh FLS980 apparatus or the Horiba Jobin Yvon 5000M, using an Edinburgh EPLED (emission at 250 nm, pulse width 950 ps) or a Horiba nanoLED (emission at 310 nm, pulse width 200 ps) as excitation sources, respectively. Excitation and emission spectra were corrected for spectral dependence of incident light energy and instrumental responses, respectively. Convolution procedure was applied to the decay curves to determine decay times (SpectraSolve software package, Ames Photonics) in multiexponential fitting.
Results and discussion
Photophysics of Ce doped samples
Photoluminescence emission and excitation spectra of samples doped with 1, 3, and 9 mol% of Ce 2 O 3 are shown in Fig. 1a . The main emission band is centred at about 3.51 eV and corresponds to the 5d→4f Laporte-allowed transition of Ce 3+ . Analysis of Gaussian components of this band evidences the presence of two different contributions with maxima at 3.39 and 3.60 eV, and with a full width at half maximum (FWHM) of 0.68 and 0.54 eV, respectively. Positions, FWHMs, and relative amplitudes of these bands slightly vary with Ce content, the same behaviour can be appreciated up to doping level of 9 mol% and in the radioluminescence spectra reported in Fig. 1b . The observed energy separation of 0.21 eV is consistent with the expected spin-orbit splitting of the 4f 1 ground state in the 2 F 5/2 and 2 F 7/2 levels. Remarkably, in amorphous hosts the 2 F j ground state separation is generally hindered by inhomogeneous broadening and usually is not spectrally resolved in the two j-components. Indeed, huntite-like glasses seem to maintain a topological crystalline-like order [23] . For our composition, it is expected that the majority of Y atoms (up to 70%) have a bonding state similar to that found in YAl 3 (BO 3 ) 4 crystals [24, 25] . For this reason, these glasses manifest the occurrence of peculiar spectroscopic features representative of both crystalline and amorphous states. A clear demonstration of this effect can be found in the PLE spectra reported in Fig. 1a . In this case the composite band can be fitted with three to five Gaussian depending on Ce content. Actually, the 5d 1 excited state is by far more sensible to crystal field splitting with respect to the 4f 1 ground level. Thus the 5d 1 degeneracy is governed by the Ce 3+ nearest neighbours geometry. Specifically, Ce ions in YAB crystals are expected to occupy a site with D 3h (trigonal prismatic) or D 3 (distorted trigonal prismatic with basal triangles slightly twisted one to each other) site symmetry [26] . From group theory and crystal field analysis, the D 3h and D 3 symmetries split the d-level in 3 and 2 levels, respectively. Indeed, the excitation spectra of samples doped with 1 and 3 mol % of Ce 2 O 3 resemble those of Ce 3+ located in a trigonal prisms as observed in several borate crystals [15, [27] [28] [29] rather than in a disordered environment. However, for higher levels of doping the glass network relaxes towards more disordered structure. As a consequence, Ce ions experience a lower symmetry, the 5-fold d-level degeneracy is fully removed, and the resulting excitation spectrum became similar to that registered in glassy materials [30] [31] [32] . Lastly, the PL intensities scale with Ce content, as reported in Fig. 1c . The recorded amplitudes at peak maximum, normalized for sample 1% Ce, are 0.8 and 0.4 for sample 3% Ce and 9% Ce, respectively. The origin of such behaviour can be explained on the basis of two possible mechanisms: 1) the luminescence intensity is lowered by concentration quenching phenomena and/or 2) the ratio of Ce 3+ /Ce 4+ population is Ce-content dependent and the PL-silent Ce 4+ species are more abundant for higher Ce concentration, furthermore the presence of Ce 4+ introduces strong absorption bands at 4.8 eV [33] , due to charge-transfer and confirmed by absorption measurements (not shown), that increases the probability of non-radiative energy transfer from Ce 3+ PL. Nonetheless, the RL intensities increase with Ce content and the maximum amplitudes, normalized to 1% Ce sample, are 1.3 and 1.5 for samples 3% Ce and 9% Ce, respectively. This reflects two different excitation processes for RL and PL, proving a matrix contribution in harvesting energy from ionizing radiation that subsequently is transferred to Ce 3+ ions. Furthermore, there is the possibility that part of the Ce 4+ ions even if, in principle, are both PL and RL inactive may undergo to a transient charge change due to electron capture [34] or to other charge-mediated optically active complex [35, 36] . Ce 4+ ions can thus be temporarily present as Ce 3+ giving rise to luminescence. This process is indeed peculiar of radio-induced excitation, since near-UV photons have not enough energy to promote electrons from the valence to the conduction band. In this view, the RL is expected to be more efficient than PL and with a less pronounced dependence from Ce 3+ /Ce 4+ population. Time-resolved PL analysis gave us some insight about these aspects. The results are summarized in Fig. 2 where the decay curves of Ce-doped samples registered at 365 nm and excited at 310 nm (Fig. 2a) do not show any dramatic effect due to concentration quenching. Being a Laporte-allowed transition, the lifetime of the 5d→4f transition is relatively short and it is of the order of tens of ns. A reliable comparison between kinetic data can be obtained analysing the decay curves as probability density functions, without any assumption on the model at the basis of the physical process, and considering the expected values of the mean lifetime, defined as: where the integral is from t 0 = 0 ns to t f = 500 ns and I(t) is the PL amplitude as a function of time. The values of 〈 〉 is 25, 21, and 18 ns for samples doped with 1%, 3%, and 9% of Ce 2 O 3 , respectively. As a matter of fact, the mean lifetime of the highest doped samples is ~80% of the lowest doped one. On the one hand, this result mainly probes concentration quenching effects and cannot give information on possible changes of the relative Ce 3+ /Ce 4+ population. On the other hand, some indication can be derived from the PL spectra reported in Fig. 1 . These spectra have been taken with comparable instrumental and sample geometry conditions and, as a consequence, their relative amplitude can be assumed proportional to the luminescence quantum yield. If this regime is valid then the reported intensities are sensitive both to the lowering of the radiative lifetime arising from concentration quenching and to the population of excited Ce 3+ ions. However, the discrepancy observed in the total luminescence efficiency between 1% and 9% Ce samples (see Fig. 1 ) is about half than the expected 80% coming from decay curve analysis. This is probably related to different Ce/Sb relative concentrations that modify the Ce 3+ /Ce 4+ ratio. In fact, Sb is a well-known reducing agent for glasses [37] and a higher concentration of Ce 3+ is expected in samples with a higher number of Sb ions per atom of Ce. Accordingly, keeping fixed the Sb concentration, the PL intensity inversely scales with Ce content. Decay curves in Fig. 2a can be analysed in more detail as sum of two exponentials. This feature is quite common in glassy materials, and it is usually connected to the presence of different preferential locations of Ce ion in the network [38] . To further investigate this aspect, we have collected time-resolved photoluminescence emission spectra (TRPLE). The contour plot of TRPLE (Fig. 2b) shows a peak maximum shifting from 3.6 to 3.4 eV as the time passes from 0 to 100 ns. The sliced time-resolved TRPLE reported in Fig. 2c evidences this situation. In particular, the spectrum collected after 5 ns is not only shifted to higher energies, but it also features a smaller FHWM with respect to the spectrum collected after 100 ns. These two different recombinations can be ascribed to cerium ions located in two different positions, even if with similar local symmetry as expected also in YAB single crystals doped with yttrium-substituting rare earths [39] . Starting from the considerations of the previous section, we prepared a series of Ce/Tb codoped glasses with huntite-like composition with the intent of enhancing luminescence properties through energy transfer from Ce ions to Tb ions. The results of RL experiments on samples doped with 1% Ce 2 O 3 and 1%, 3%, 6%, and 9% of Tb 2 O 3 are reported in Fig. 3a . Spectra show the typical emission bands of Tb 3+ ions, characterized by a multiplet in the green region with sharp peaks at 2.0, 2.1, 2.2, 2.3 and 2.5 eV and corresponding to the 5 D 4 → 7 F j transitions. As summarized in Fig. 3b , the addition of Tb ions causes two main effects on the registered PL amplitude: 1) an increase of the Tb-related emissions in the 2.0-2.5 eV and 2) a decrease of the Ce-related emission in the 2.8-3.8 eV region. These experimental evidences can be attributed to energy transfer processes between Ce and Tb ions acting as donor and acceptor species, respectively. This process enhances the overall emission efficiency of the system, leading to a glass-based material with RL performances comparable to commercial single crystal scintillating materials. In fact, the amplitude at peak maximum for the sample 9%Tb:1%Ce is about 5 times higher than that registered for the single-crystal of Bi 4 Ge 3 O 12 (BGO), used as standard in scintillation, while the integrated intensity is 85% with respect to BGO. Moreover, the introduction of 1% Ce indeed enhances the Tb emission and the RL intensity of sample 6%Tb:0%Ce (red cross in Fig. 3b ) is about half of that for 6%Tb:1%Ce. Similar results have been obtained in PL experiments, as reported in Fig. 4a . Once more, the integrated emission of Tb scales with its content and, conversely, the Ce signal decreases. To quantify the energy transfer process, we monitored Ce 3+ decay (i.e. the donor species) at 365 nm, and excited at 250 nm, as a function of Tb content (i.e. the acceptor species). As expected, increasing the acceptor concentration accelerates the donor decay (see Fig. 4b ), passing from a mean lifetime of 25 to 8 ns for Tb-free and 9%Tb:1%Ce sample, respectively. Starting from the mean lifetime 〈 0 〉 = 25 ns of the donor species in absence of any acceptor and the lifetime 〈 〉 in presence of the acceptor, we have calculated the energy transfer efficiency Φ = 1 − 〈 〉/〈 0 〉 as a function of Tb concentration. The result is summarized in Fig. 4c , where it is shown that Φ monotonically increases with Tb content up to 68% registered for the sample with the highest content of Tb ions. Data in Fig. 4c have been fitted within the theoretical framework of Förster energy transfer to evaluate the critical concentration C 0 at which there is, on average, one acceptor atom in a sphere of radius R 0 centred on the donor atom [41, 42] . Where the latter radius is the so-called Förster radius defined as the critical distance between donors and acceptors at which the energy transfer efficiency is 50%. C 0 was obtained by fitting data in Fig. 4c with the following formula:
Photophysics of Ce/Tb codoped samples
Eq. 2
where C is the acceptor concentration expressed in the same units of C 0 and Erf is the error function. Finally, if C 0 is expressed in atoms/cm 3 then the Förster radius can be calculated as:
Eq. 3
In addition, for a consistent comparison with crystals with similar composition, in Fig. 4c we show in red lines the fitting results using Eq. 2 carried on our data and on literature data on Ce/Tb codoped YAl 3 (BO 3 ) 4 crystals with huntite structure (empty squares in Fig. 4c ) collected by Blasse et al. [40] . The fitted values of C 0 are 2.5x10 21 atoms/cm 3 and 1.5x10 21 atoms/cm 3 for our glasses and YAB crystals, respectively, after correction for the density of glass [43] (3.15 g/cm 3 ) and crystal [44] (3.73 g/cm 3 ) and the slight different definition of molar composition used by us and by Blasse. These values correspond to Förster radii of 4.6±0.5 Å and 5.4±0.5 Å for our glasses and huntite crystals, respectively. Interestingly, the two radii are of comparable extension. This outcome is a further confirmation that glass structure recalls that of the parent crystals without altering the overall optical properties.
Conclusion
The optical characterization of YAB glasses presented in this work shows that these systems are a suitable family of amorphous solids for the incorporation of rare-earth. From time resolved PL analysis we have demonstrated that Ce emission is not compromised even at doping levels as high as 9 % mol. For low doping level, Ce ions are preferentially located in positions with trigonal prismatic geometry as occurs in huntitelike single crystals with similar composition. In addition, Ce ions can be appropriately used as activator species to intensify further Tb 3+ luminescence resulting in a glassy system with RL efficiency comparable to BGO crystals. Finally, Förster radii calculated for our YAB glass are comparable with those calculated for Ce/Tb doped YAB crystals. The results obtained in this work reveal that this family of glasses represents a promising candidate as scintillating and photonic material.
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